Reports from a number of laboratories describe the presence of a family of proteins (the major intrinsic protein family) in a variety of organisms. These proteins are postulated to form channels that function in metabolite transport. In plants, this family is represented by the product of NOD26, a nodulation gene in soybean that encodes a protein of the peribacteroid membrane, and tonoplast intrinsic protein (TIP), an abundant protein in the tonoplast of protein storage vacuoles of bean seeds (KD Johnson, H Hofte, MJ Chrispeels [1990] Plant Cell 2: 525-532). Other homologs that are induced by water stress in pea and in Arabidopsis thaliana and that are expressed in the roots of tobacco have been reported, but the location of the proteins they encode is not known. We now report the presence and derived amino acid sequences of two different TIP proteins in A. thaliana. a-TIP is a seed-specific protein that has 68% amino acid sequence identity with bean seed TIP; 'y-TIP is expressed in the entire vegetative body of A. thaliana and has 58% amino acid identity with bean seed TIP. Both proteins are associated with the tonoplast. Comparsons of the derived amino acid sequences of the seven known plant proteins in the major intrinsic protein family show that genes with similar expression pattems (e.g. water stress-induced or seed specific) are more closely related to each other than the three A. thaliana homologs are related. We propose that the nonoverlapping gene expression patterns reported here, and the evolutionary relationships indicated by the phylogenetic tree, suggest a functional specialization of these proteins. diated by carriers, allowing fluxes of solutes against the electrochemical gradient and channels that permit passive transport, i.e. down the electrochemical gradient. Because the vacuoles of different cell types can show dramatic differences in the nature and magnitude of the ion and metabolite exchange with the cytoplasm (e.g. transport of potassium in guard cells or of malate in the mesophyll of CAM plants), the tonoplasts most likely have different channels and carriers with specialized functions. Recently, published reports point to a small, but growing, family of homologous intrinsic membrane proteins from quite different organisms (22, 28) . This family has been termed the MIP4 family after its best characterized member, MIP from bovine lens fiber junctional membranes. MIP has been shown to form tetrameric structures (1) with channel activity in artificial lipid membranes (7). One of the MIP homologs, GLPF, in the inner membrane of Escherichia coli plays a role in the facilitated transport of glycerol. By analogy, it seems reasonable to postulate that the other proteins in this superfamily also form channels that are involved in passive transmembrane transport of ions and/or metabolites. The first member of this family to be identified in plants was NOD26 (24), a plant-encoded protein in the peribacteroid membrane of soybean root nodules infected with Rhizobium bacteroids. Recently, three other members of the MIP family were identified in plants: a water stressinduced cDNA in pea (Pisum sativum) (1 1), a root-specific gene in tobacco (Nicotiana tabacum) (31), and a seed-specific gene in bean (Phaseolus vulgaris), which is widely conserved in the plant kingdom (15). In bean seeds, the protein is associated with the tonoplast (protein body membranes), and for this reason we called it TIP.
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The evidence presented in this paper shows that Arabidopsis thaliana contains two quite different TIP homologs in the tonoplasts of different cells. One, a-TIP, is expressed in the developing embryos, and the other one, y-TIP, is expressed in all the vegetative organs but not in seeds. The amino acid sequences of these two tonoplast proteins show 59% identity. We determined the evolutionary distances ofthe seven known plant proteins in the MIP family and found that proteins with similar expression patterns in different plant species are more closely related to each other than the three proteins of A. thaliana. We suggest that these data support the idea that the genes encode functionally specialized proteins with specific expression patterns. Whether they are all located in the tonoplast and regulate the passage of the same or different ions or metabolites remain to be investigated. Figure 1A (downward arrowheads). Hybridizations with this probe were in 6x SSC at 600C with a final wash in lx SSC at 60°C. Sequencing was done on both strands using the dideoxy chain termination method (25) . DNA sequence analyses were performed using the intelligenetics programs GEL, SEQ, SEARCH, and GEN-ALIGN (18 (29) . DNA blotting onto Hybond-N (Amersham, Arlington Heights, IL) membranes was as described by Maniatis et al. (21) , and hybridization was carried out at 42°C for 30 h according to the method of Klessig and Berry (17) with a final wash at 60°C in lx SSC. The probes were made with the same 577-bp DNA fragments used in the plaque screen (see above).
MATERIALS AND METHODS
Total RNA was isolated from frozen tissue as described before (5) . Total RNA samples were applied onto Nytran membranes (Schleicher and Schuell) with a minifold II (Schleicher and Schuell) slot blot appliance using the procedure described in the manual. To quantify the a-TIP and y-TIP mRNAs, a dilution series of in vitro synthesized sense RNA was applied on the same blots. The blots were probed with in vitro synthesized [32P]UTP-labeled antisense RNAs. Hybridization was carried out at 65'C with 50% formamide in 5x SSC using the conditions described in the Stratagene RNA transcription instruction manual. Final washes were at 65°C with 0.2x SSC.
Expression in E. coli, Protein Purification, and Generation of a Rabbit Antisera A saturated overnight culture of E. coli (DH5a) containing the glutathione S-transferase-y-TIP fusion construct (see above) was inoculated 1:50 in Luria broth (21) and grown at 37°C until an absorbance (600 nm) of 0.2 to 0.4 was reached. Isopropyl thiogalactoside (0.1 mM) was added to induce the tac promoter, and the culture was grown for 4 to 6 h. Cells were collected by centrifugation (10 min, 2500g) , and the cell pellet was stored at -80°C. After thawing on ice, the cells were resuspended in 1/50th volume (50 mM Tris HCI, pH7.5; 10 mm EDTA; 12% (w/w) sucrose; 0.5 mM PMSF; 1 mg/mL lysozyme) and incubated for 30 min at room temperature. The spheroplasts were lysed by passing them three times through a French press. The lysate was centrifuged for 30 min, 20,000g. More than 90% of the fusion protein, as estimated from Coomassie-stained SDS-PAGE, was in the pellet fraction. The pellet was washed three times with 1 M NaCl, 1% Triton X-100 in 20 mm Tris-HCl (pH 7.5) and solubilized in 1/I00th of the culture volume 1% SDS, 20 mM Tris-HCl, and 1 mm DTT. The protein concentration was determined according to the method of Lowry et al. (20) , with BSA as a protein standard. The fusion protein was purified from the pellet fraction through preparative gel electrophoresis and electroelution as described previously (12) . Typically, we obtained approximately 1 mg of purified fusion protein from 100 mL culture. An antiserum was raised against the SDS-denatured protein in a rabbit using standard procedures (12) . The antiserum raised against bean seed TIP has been described previously (15) . (19) is underlined twice. Two consensus polyadenylate-addition recognition sequences downstream of the stop codon are boxed. Downward arrowheads indicate the fragment that was used to probe the genomic library and the Southern blot (Fig. 2) . Upward arrowheads delineate the fragment used to generate a sequence specific probe for the northern analysis and the RNA slot blots (Fig. 3) . B, a-TIP: Two TATA consensus sequences upstream of the initiator codon are underlined. Downward arrowheads delimit the fragment used to synthesize a sequence specific probe for the northern analysis and the RNA slot blots (Fig. 3 ). Upward arrowheads indicate the peptide fragment used to generate a y-TIP-specific antiserum.
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Immunoblot Analysis
For immunoblotting, protein samples were fractionated by SDS-PAGE and transferred to nitrocellulose. The nitrocellulose sheets were blocked with 3% BSA before reaction with a rabbit antiserum. A standard procedure with horseradishcoupled second antibody was used for visualization ( 12) .
Protoplast and Vacuole Isolation
Protoplasts were isolated from rosette leaves of young A. thaliana plants grown sterilely in magenta boxes. The protoplast isolation procedure was according to that of Damm and Willmitzer (4) . Vacuoles were isolated using an osmotic lysis procedure adapted from that of Boller and Kende (3), which was described previously (13) , with minor modifications. Briefly, 5 x 106 protoplasts were pelleted by centrifugation for 5 min at 50g. After removal of the supernatant, the protoplasts were resuspended in 5 mL prewarmed (42°C) lysis medium by pipetting twice up and down with a wide-bore 10-mL pipet. The lysis medium consisted of 0.2 M mannitol, 20 mM EDTA, 2 mm DTT, 5 mM Hepes, 10% Ficoll type 400 (Sigma), and 0.5% BSA adjusted to pH 8.0. The vacuoles were purified by flotation using a three-step gradient. The gradient was made by layering 3 mL of a 4% Ficoll solution on top of the lysed protoplasts followed by 1 
Electron Microscopic Immunocytochemical Localization
The immunocytochemical localization of a-TIP(At) in the embryo and silique tissues of near-mature siliques of A. thaliana was done with antiserum against bean seed TIP exactly as previously described (13) .
Sequence Alignment and Phylogenetic Tree
Protein sequence alignment and relative evolutionary distances for construction of the phylogenetic trees were determined for the seven fully sequenced plant proteins in the MIP family using the progressive sequence alignment programs of Feng and Doolittle (8) and Doolittle and Feng (6) modified for the execution of these programs on the University of California, San Diego, VAX/VMS DNA system. The seven sequences utilized are a-TIP(At), -y-TIP(At) (sequences reported in this paper), and TIP( 16), called a-TIP(Pv), NOD26(24), TobR7(3 1) referred to as y-TIP(Nt), clone 7A(1 1) referred to as WsiTIP(Ps), and RD28(26) referred to as WsiTIP(At). The sequences were named in the following way: a for the seed-specific sequences, y for the vegetative organ sequences, and wsi for the water stress-induced sequences. The species is recorded in parentheses with a twoletter abbreviation, one letter for the genus and one for the species.
The FASTA and RDF2 programs were used to calculate percentage identity and the comparison score, respectively (23) . Comparison scores are recorded in SD values higher than those obtained with 100 comparisons of randomized sequences of the protein segments analyzed.
RESULTS

Isolation and Sequence of Genomic Clones Encoding Arabidopsis Homologs of Bean TIP
Proteins that cross-react with a bean TIP antiserum and with similar Mr values have been found in the seeds of all angiosperms and one pine species tested (15) . This antiserum against bean TIP also identified a 26-kD protein in extracts from A. thaliana seeds (see below). The presence of at least one TIP-related gene was further confirmed through southern blotting of total DNA with the bean TIP cDNA as a probe under low stringency conditions (not shown). Using the same probe, we isolated four phages carrying identical inserts from an A. thaliana genomic library (50,000 plaques).
A 3.5-kb HindIII fragment hybridizing to the probe was subcloned and sequenced on both strands. The sequence confirmed the presence of three ORFs with significant sequence identity to the bean TIP cDNA (68% on 264 amino acids) interspersed by two short sequences with all the characteristics of introns in genes from plants (10) . This nucleotide sequence is hereafter referred to as a-TIP(At) (Fig. IA) . Southern blotting with a DNA fragment containing the third exon ( Fig. 1 A, downward arrowheads) as a probe demonstrated the presence of at least one and perhaps two additional related genes in the A. thaliana genome (Fig. 2) Figure 2 . Southern blot of A. thaliana genomic DNA, hybridized with a 32P-labeled DNA fragment from a-TIP (shown in Fig. 1 A) . Lanes 1 to 4 contain DNA digested with HindlIl, Pvull, EcoRV, and EcoRI, respectively. Arrows indicate the position of Mr markers (in kb). Bands corresponding to the a-TIP gene are indicated with a "+" on the left side; other hybridizing bands are fragments from other TIP-genes.
data from a clone of this class revealed an ORF highly similar to the first gene (86% identity on 49 amino acids). The third group of clones hybridized very weakly. We subcloned a 3.2-kb EcoRI fragment from this class and sequenced it on both strands (Fig. 1 B) . The sequence contained two large ORFs, the predicted amino acid sequence of which showed 58% identity (235 amino acids) with bean TIP and 59% identity (243 amino acids) with the a-TIP(At) sequence. The sequence comparison indicates the presence of only one intron, at exactly the same position as the second intron in the a-TIP(Ara) sequence (Fig. 2) . The position of this intron was further confirmed through sequencing of a cDNA obtained with the polymerase chain reaction (data not shown).
The alignment of the predicted amino acid sequence of the a-TIP(At) gene with the sequence derived from the bean cDNA suggests that the translation starts at position 562 (Fig.  IA) Fig. IA) followed by in-frame stop codons four and 10 codons downstream, respectively. We do not know whether these codons are on the mature mRNA. Interestingly, the initiation codon is preceded by a region rich in T strands characteristic of plant introns (10) , suggesting that another intron might be present in the untranslated leader. Two consensus polyadenylate addition sequences are present downstream from the coding sequence (positions 1694 and 1701 in Fig. IA, boxed sequences) . Based on the amino acid sequence similarity and the seed-specific expression (see below), this gene was considered the A. thaliana homolog of the bean seed TIP gene.
The second and the third genes were called fl-TIP(At) and 'y-TIP(At), respectively. ay-TIP encodes a polypeptide of 251 amino acids with a calculated Mr value of 25,618. The initiation codon for this gene was identified at bp position 359 based on the amino acid sequence alignment with the other TIP genes (Fig. 2) and based on the fact that this is the first ATG codon downstream (27 bp) of an in-frame stop codon. Upstream of the initiation codon, the nucleotide sequence shows two TATA boxes that are underlined in Figure l B . The 5'-upstream sequence of a-TIP(At), but not of y-TIP(At), contains a typical CATGCAT box present in the 5'-upstream sequences of genes that are expressed in dicot seeds. This box has recently been shown to be necessary for seed-specific expression of a glycinin gene ( 19) . No consensus polyadenylation signals could be identified downstream from the coding sequence within the sequenced fragment.
The membrane topology of both the a-TIP and y-TIP polypeptides is predicted to be similar to that of the TIP protein from bean: six membrane-spanning domains with cytoplasmically oriented N-and C-termini (Fig. 3) . Both predicted proteins lack glycosylation consensus sites on their luminal loops. Both proteins have an internal sequence identity and appear to have arisen through a duplication of a protein with three membrane-spanning domains (16, 22) .
In addition to the alignment with bean TIP, Figure 2 also shows the alignment of the other four plant sequences in the MIP family. These include NOD26(24); TobRB7(3 1), here called y-TIP(Nt); clone 7A, here called WsiTIP(Ps) ( 11); and RD28(26), here called WsiTIP(At). The sequence AtRB7 (30) is almost identical with y-TIP(At) and is not included here (see "Discussion").
Residues common to at least four of the seven sequences are shown as a consensus sequence in Figure 3 , whereas asterisks denote residues conserved in all plant MIP proteins.
The sequence SGGHXNPAV appears to be the signature sequence for these proteins and should help to identify new proteins in this family and distinguish them from other proteins with six membrane-spanning domains. This signature sequence is found in the MIP sequences of all organisms (data not shown).
Analysis of Evolutionary Relationship of Plant MIP Proteins
The statistical analyses of the protein sequences are summarized in Figure 4 , which shows the percentage identity between the sequences followed by the length of the segments that were compared. In most cases, nearly the entire amino acid sequence was used for the statistical analyses. The percentage identity and comparison scores SD establish that all these proteins are homologous, i.e. derived from a common ancestral protein. The proteins with similar expression patterns (e.g. seed specific or water stress induced) are more closely related to each other than the proteins of one organism (e.g. A. thaliana). 
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and not the seeds. This idea was confirmed by the analysis of transgenic A. thaliana plants containing the ,3-glucuronidase gene fused to the a-TIP and y-TIP promoters, respectively (D. Ludevid, H. Hofte, and M.J. Chrispeels, unpublished).
The size of both the a-TIP and y-TIP transcripts was approximately 1200 bp, as determined using northern blotting on total RNA (not shown). No differences in mobility were observed for the 'y-TIP transcripts in the different organs. In conclusion, these data show that a-TIP and ey-TIP isoforms clearly have nonoverlapping expression patterns in seeds and vegetative tissues, respectively.
a-TIP Is a Seed-Specific Protein in the Tonoplast of the Protein Storage Vacuoles of the Embryo and Endosperm
The a-TIP homolog in bean is located specifically in the vacuolar membrane (tonoplast) of the protein storage vacuoles in seeds, and antibodies against bean seed TIP cross-react with a similarly sized protein in the seeds of all species tested. Nevertheless, because the sequence identity between bean a-TIP and A. thaliana a-TIP is only 68%, we decided to determine the subcellular location of a-TIP in A. thaliana seeds by immunocytochemistry.
The results (Fig. 6) show abundant colloidal gold labeling of the membrane (tonoplast) surrounding the protein storage vacuoles in the embryo (Fig. 6A) , whereas the tonoplasts of the cells of the silique (Fig. 6B) were not labeled. In Figure  6A about one-third of the protein storage vacuole area represents a grazing cut through the tonoplast. The colloidal gold particles look scattered, but on the inside face of the membrane there is a clear row of particles (triangles), whereas on the cytoplasmic face, the particles are less numerous (arrows). That this is a grazing cut can be seen by the faint appearance ofseveral oil bodies that lie underneath. Our polyclonal serum has more antibodies directed to epitopes on the vacuolar side of the TIP polypeptide than to epitopes on the cytoplasmic side. We generally found somewhat more nonspecific labeling with A. thaliana seeds than with bean or soybean seeds. Some nonspecific labeling is also evident in Figure 6B , but the tonoplast is completely devoid of label. In contrast, immunolocalization of TIP with the same antiserum in leaves of tobacco plants transformed with a bean TIP gene driven by the cauliflower mosaic virus 35S promoter showed very heavy labeling of the tonoplast in leaf cells, using the same serum (13) . Together, these results support our conclusion that a-TIP(At) is a seed-specific protein that is uniquely associated with the tonoplast, as is its homolog in beans.
vy-TIP Is a Tonoplast Protein Present in Vegetative Tissues
To investigate the subcellular location of y-TIP, we first raised a '-TIP-specific antiserum. A fusion protein was produced in E. coli consisting of glutathione S-transferase fused to the C-terminal 33 amino acids of 'v-TIP (see Fig. IB tional modification such as phosphorylation or whether it represents the product of another gene.
To determine the subcellular location of y-TIP, we purified vacuoles from A. thaliana leaf protoplasts, separated the vacuolar contents from the tonoplast by centrifugation after lysis, and analyzed the proteins using immunoblotting with the -y-TIP-specific antiserum. To equalize the loading of the lanes in Figure 8 , we determined acid phosphatase activity in the protoplast and vacuole fractions and loaded aliquots corresponding to equal acid phosphatase activity in lanes 1 and 3. Lane 2 (tonoplast) contains an amount of tonoplast protein corresponding to the vacuolar contents shown in lane 3. The y-TIP antiserum detected the same amount of cross-reacting protein in the protoplast and tonoplast fractions, confirming the presence of y-TIP in the tonoplast (Fig. 8) 
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TONOPLAST PROTEINS IN ARABIDOPSIS similar to a-TIP (86% over 49 amino acids). Therefore, it is likely that this protein, like a-TIP, will also be recognized by the antiserum raised against bean seed TIP. The antiserum against bean seed TIP detected a cross-reacting protein only in seeds ofA. thaliana and not in other organs; it is, therefore, not unreasonable to assume that ,8-TIP will also be specifically expressed in seeds. Interestingly, bean seeds also contain two highly conserved (75% amino acid identity) TIP isoforms (13) with similar temporal expression patterns (H Hofte, unpublished data).
Evolutionary Relationships between the Different MIP Proteins of Plants
The cloning and Southern blotting data presented in this paper indicate that A. thaliana contains three TIP genes. Other genes, such as the water stress-induced gene of A. thaliana (26) escaped detection with the DNA probes used. In addition to the genes mentioned above, three other members of the TIP family have been isolated: NOD26 expressed in soybean nodules (24) , the water stress-induced clone 7A of pea roots (1 1), and the tobacco root-specific protein Tob RB7 (31 The phylogenetic tree for the seven fully sequenced plant proteins in the MIP family is shown in Figure 9 . The results show a clustering of the two seed-specific proteins (a-TIP(Pv) and a-TIP(At)), the two water stress-induced proteins (WsiTIP(Nt) and WsiTIP(At)), and the two vegetatively expressed proteins (y-TIP(At) and y-TIP(Nt)). The water stressinduced proteins are more distantly related from the seedspecific and vegetatively expressed proteins, which form a cluster in the phylogenetic tree.
Both a-and a-TIP are integral tonoplast proteins. We do not know whether all members of the TIP superfamily in plants are tonoplast associated. NOD26 is present in the peribacteroid membrane of soybean nodules (24) ; however, it is not established whether this membrane is derived from the plasma membrane, the tonoplast, or both. The intracellular location of the root-specific tobacco protein (31) remains to be determined. The clustering of the seed-specific and the vegetatively expressed homologs in the phylogenetic tree leads us to suggest that they all are probably tonoplast proteins. However, the water stress-induced protein could well have a different location in the cell.
Recently, another TIP homolog was described in the yeast Saccharomyces cerevisiae (28) . The the growth defect on fermentable sugars of a mutant (fdpl) but does not complement the defect in glucose-induced rasmediated cAMP signaling, the initial cause for the observed growth defect. It will be interesting to see whether the FPS1 protein is also a tonoplast-associated protein in yeast cells and whether TIP is also able to complement the fdpl-associated growth defect. These experiments are now in progress.
Nonoverlapping Tissue-Specific Expression of a-TIP and
7-TIP May Reflect Functional Specialization
Our current working hypothesis is that TIP is a solute channel in the vacuolar membrane (15) . In The GenBank accession number for a-TIP(At) is M84343 and for y-TIP(At) is M84344. The EMBL accession numbers are X63551 and X63552, respectively.
